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Abstract.

The atimospheric radiative transfer algorithms used in most global general
circulation models underestimat e the globally-averaged solar energy absorbed by cloudy
atmospheres by up to 25 Wi~ 2. The origin of this anomalous absorption is not yet
known, but it has been attributedto a variety of sources including oversimplified
or 1missing physical processes in these models, uncertainties in the input data, and
evenmeasurement errors. 1 lere, a sophisticated atinospheric radiative t ransfer model
was used (g provide @ more comprchensive description of the physical processes that
contribute to the absorption of solar radiation by the Iarth’s at mosphere. We found
that the amount of sunlight absorbed by a cloudy atmosphere is inversely proportional
to the solar zenith angle and the cloud top height, and dircct ly proportional to the
cloud optical depth and the water vapor concentration within the clouds. Atmospheres
with saturated, optically-thick, low clouds absorbed about 12 W m™*more than
clear atm ospheres. This accounts for about1/2to 1/3 of the anomalous absorption.
Atmospheres with optically thick middle and high cloucls usually absorblessthan clear
atmospheres. Because water vapor is concentrated within and below the cloud tops, this
absorber is miost effect ive at siallsolar zenith angles. An additional absorber that is

distributed at or above the cloud tops is needed to produce the amplitude and zenith

angle dependence of the observed anomalous absorption.



Introduction

The Barth receives about 312 W “from ( 1 sun. averaged over ¢ he globe and
over the anmual evele. About 30% of thisencrgy (=102 W 1112'is scat 1(°] 'C(1 back to
space by the surface and atmosphere. The remaining 240 W ? is absorbed by this
system. The partitioning of this encrgy between the surface and atmosphereis 1IN)0H%
underst ood, however, In particular. recentmeasu rements of 1 h(i solar flux at t he surface
and at the top of the at mosphicre (cf. Liet al., 1996 andreferences therein) indicate that
theatimosphiercabsorbsas 11111('11as 98 Win' 2, while the radiative transfer algorithng
used in global general civeulation models (GCMs) indicate values bet ween 56 and 68
W ? (Arking, 1996). Aircraftobservations (011 CC1( (1 siimultancouslyat (lifl (wilt
altitudesalso show that t he atinosphiere ab sorbs significantly m)pre solay radiation t han
existing mo dels predict (Piewskic aud Valero. 1995). The largest discrepancies are seen
in clondy regions, where the at miosphere appears t o absorbup t o 50% more sunlight
than otherwise comparable cloud-free regions. In contrast, most models indicate similar
arnounts of absorption in cloudy and clear-skv regions. 110 (7iNISC t he largestdiscrepancies
are seen in cloudy conditions. this Phenonena has come to be known as the cloud
absorption anomaly (Wiscombe, 1995: 1 detal.. 1 996 : Cess etal., 1995 Ramanathan ¢t
i, 1995). The amplitude of this anomalons ab sor ption is usually expressed in ters

t he net shortwave cloud forcing,
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whereCy, and Cgarve the shortwave (“1011(1 forcings at the sifilce (s) andat the top
of the atmosphere (7). <17110s¢ gnantities are obtained by subtracting the net flu xes for
co-located clondy (all) and clear (clr) soundings. With this definition, /7 desceribes
changesinsolar i sor] ptionby the entive cloudy (“0111 mmn, andnotjust the (<1011(1 alone
(1.icetal., 1 996).

Observations collected by Cess et al. (1995), Ramanat han etal. (199[)), and



Piewskic and Valero (199[J) indicate values of It near 1.5 over arange of latitudes. In
conitrast, the radiative transfer algorithims nsed in most GCMs find IR ~ 1 .0. Oth er
observational studies also find values of R near 1.5 in the tropics, but show significant
spatial and scasonal va riations, Wit h somewhat Jower values at mid and high lat it ndes
( Li ctal. 1 99G). A recent analysis effort even indicat es that the anomalous absorption
is actually more st rongly correlated with the colnmn wat er vapor abundance than cloud
amount. (Arking, 1 996). In any case. these large nucertainties in the amplitude and
vertical dist ribution of solar enGrey have raised conyeerns about our undclerst anding of t he
solar forcing of the climate systen.

Severalplausible so11r¢es for thisanomalous 211sor1 ion have 1)( 'C11 proposca, but
its origin has not vet been identified. The most dctailed modeling studies to date have
focused on the effects of enh anced absorption by clond particles (Chou et al. 1995; Tubin
ct al.,, 1996), or by absorbing acrosols embeddded within and helow the clouds ((f7. 1
et al. 1996). Chou et al. (1995) showed that globally- averaged cloud forcing ratios
as large as 1.5 are obtained only when the cloud particle absorption is increased by
factors as Jarge as <10, but 111( > constituents responsible for these large incrcases were not
specifically identified. Lubin et al. (1996) found that nCar- in fraved (1.6p1n) absorption
by large ice erystals (> 1000n) could also produce values of I? as Jarge as 1.5 for small
solar zenith anigles, but this forcing docrcased miuch more rapidly with solar zenith angle
than the observed values. Others have 1170nose 1 that cloud absorption anomaly may be
rel ated to horizontal inhomogencities in the clouds. which are omitted in most existing,
radiative transfer models (Stevens and T'say, 1990), but this hvpothesis has not yvet heen
confirmed.

Another plausible candidate for this absorption is water vapor. Stat e-of-the art
radiative transfer models emiployed in GCNs use simplified algorithins to compute
the absorption by this gas at near-infrared wavelengt hs (0.7 to 3.2 i), hecause

explicit, sPCl (1MN-resoil’i lp, (line-by-line) methods arefartoo time consuining for



global calculations at wavelengths where both multiple scattering and Iine absorption
contribute to the extinction of sunlight. Many of these algorithms have been validat od
against more rigorous lime-hy-line models {for clear-sky conditionis, but their accuracy
in cloudy conditions is largely unknown. Another factor that may contribute 10
underestimates of the water vapor iy sor] ption within clouds is the omission of continuum
absorption between major bands. This absorption is often neglected atnear-infrarcd
wavelengths because it is relatively weak. However continuum absorption might play
a sig niftcant role within low clouds, wher ¢ the wat er vapor conce ntrations are large,
and multiple scattering can significantly enh ance the absorber pathlength. Finally,
most detailed studies of anomalous absorption have used backgrot ind water vapor
mixing ratios (McClatcliey 1972) in both cloudy and clond-free atinospheres (li et al.,
199G; Chouet al. . 1995). Real (°1011(1S  are usnally saturated with water vapor. This
simplification alone will 1( sultin anunderestimate of water vapor’s contribution to the
cloud absorption anomaly.

Hore, weused a sophisticat ed, spectrum-resolving, atmospherice radiative tran sfer
moclel to provide a more comprehensive assessment, of the role of near-infrared water
vapor absorption in coudy atmospheres.  This model explicitly accour s for all
radiative processes that are known to contribute to the extinetion of solar radiation
invo]li(?Mly-ill llo]Jlop )(’lCoils, plane-parvalicl,scattering, absorbing atmospheres, 11 was
11 s((1 to compute the wavelength-dependentsolar intensities as a function of altitude foy
avariety of clear and clondy 110 1101 atmospheres. Thiese results were integrated over

wavelength and angle to yvield holometric solar fluxes and heating rates.

Mecthods
T'he modeling methods used here include a line-by-line model for gas absorption,
single scattering algorithms for cloud droplets and ice erystals, and a spectrum-resolving,

atmospheric radiance mod ¢l that incorporates a multi-level, multi-stream, diserete
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ordinate algorithm (Stamnes ¢t ill. 1988) and high resolution spectral mapping methods
(Meadows and Crisp, 1 996). These 111('1110(2s were 11s((1 togeneratelevel-depend ent
synthetic spectra at wavelengthis between 0.125and 8.3//111 (1200 80000 ') for a
variety of cloudyandclear 11104 (1 attnospheres. The line-by-line model was used to
generat ¢ monochromatic gas absorption cocflicient g for 11,0, CO,, O, NoO, C11 4, CO,
and Oy at. 621ovelsbhoetweenthe SiPFFICC and 80km. This model employs an eflicient,
multi-grid algorithm that completely res olves the cores of gas absorption lines at all
atmospheric Jevels, and includes their contributions at large distances (1000 e *)
from the line cetters (¢ . Meadows and Crisp, 1996). 11,0 continuum absorption was
included exp hich 11y by using the far-wing line shape function recommended by Clough et
al. (1989). Todetermine the effects o f this continuum, a special set of 1,0 absorption
cOcflicients were generated with a 25 e’ Hine cut-ofl) Line parameters wo1r-eobtained
from the NT'TRAN 96 database (Rothman et al. 1992). The single-scal tering optical
propertics of lignid water droplets were computed with a Mie scattering mo del ((f.
Meadows and Crisp, 1996). Cirrus clouds were paramet eri zed as polvdispersions of
hexagonal erystals, and their optical properties were derived using geometric optics
(Muinonen et al. 1989). The hiquid water and ice refractive indices were obtained
from Scgelstein (1981) and Warren, (1984), r espectively. The moderat e-resolution solar
spectrum compiled hy €. Welinli (WCRP Publication Servies No. 7, WMO 171 )-No.
149, pp 11{) -126, October 1986) was used for all simulations. Wavelength-dependent
Sill'faC( albedosforamoderatelyrongh OC'Cill] SUPEICC (0.03 <a<().(07) were 1] SC(1 forall
simmlations.

The MeClatehey (1972) mid-lTatitude siimmer (MLS) profile was used in all
experiments presented here. The nominal MLS gas mixing ratios were nsed for all gases
except for 11,0, The MLS wat er vapor mixing ratios were used only for the clear-sky
and“Dry” (1011(2 simulations. For the “saturated” cloudy cases. the water vapor mixing

ratios were nercased to thelr sitt uration values within the clouds. The cloudy 11)() (101
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atmospheres included a single, plane- parallel cirrns (0.1 <7, <10, 7 <2z < 101 {111),
alto-stratus (0.3 < 7, < 60.3.6 < z < 4.8km), 01~ stratocunulus (0.3 <7, <60,

1.0 <z<1.bkm) (1o11(1 layer. No acrosols were included in these caleulations. Radiance
spectra were dorived at 4 solar zenith angles (), 30, 60.85°), and these results were
integrated over zenith angle to vield estinyates of the globally-averaged values. The
model atmospheres were divided into 61 layers between thoy surface and 80 ki, and

radiances were generat ed for 4 1o 16 zenith anigles at cach level.

Results and Conclusions

Globally-averaged, bolometric solar fluxes for MLS at mosplicres with and without
clouds are shown in Itigure 1. The di flerences hetween the net fluxes in cloudy and
clear-sky cases are shown in IYigure 2. In this particular example, whichillustrates
the ¢ flects of moderately thick clouds, the Jargest positive shortwave cloud radiative
forcingsare 1)1°()(111(C (1 by anatinospherc with a single, horizontally-uiniform, saturated,
stratocunlus (SC) #1011 aeeic. This at mosphere absorbs ~15 W 2 more sunlight
than 1110 clear-sky case at oy el s above the cloud base, but it absorbs about 7.5
Wi ?jws thantheclear [11)110 »sphere ataltitudes 1)(’1o\% the (“1021(1 base, to vieldanet
atimospheric cloud forcing of about 7.5 W m “. Water vapor (and o alesser Cx(C1 1t,
lquid wat ¢r) absorption within the cloud accounts for most of the additional flux
(iIN'Clp,(12CC incloudyatmospheres. At levels within the clouds. model atmospheres with
saturated clouds include about 20% more wat er vapor than the “Dry” clond cases, and
i) sorbabout 1.5 Win ? more radiation. W ater vapor continuum absorption contributes
only about 1 Wm? in both the clear and cloudy cases. Figure 3 shows that thin.
saturatedaltostratus (AS)  andstratocumulus (SC) (2011(1s DI'(O(A1LC(C Jarger (1011(1 forcing
ratios than thicker clouds (like those described in Figures Tand 2). However, this is
Jargely an artifact of the dofinition or 12, siti(7 (¢ Cy vanishes for thin clouds. IMignre 4

shows thatthicker (1011(s actually ab sorh more sunlight.



In general, we find that the amountof sunlightabsorhed by (ClolI(1)” atimosphc ¢s is

inversely proportional to the solar zenithangle andthe (<1011(1 to]) height,and directly
proportional to the (<0112 0D it (1 D111 and the water vapor mixing ratio within the
(*1011 [1. ‘T globally-averagedabsorption inatmospheres withsaturated. opticallyv-thick,
low (°1011(1S can (SC’CC(1 the clearsky il so”] ptionby 11)) o 12W 11172 (Figure 4).
Atmosphe res with optically thick middle and high clouds usually ab sorb less than ¢icine
atmospheres,but watervapor withinand 1)( ’1o0\% optically-thin (7 <1), saturated.
into Hstrat uslayerscan contribute 1 to 3% moreab sorption (~2 Win?) than that
proaiacca by CICIHE skies. Bocanse the wat er vapor concentrations are u sually great est
withinandbelow the (<1011(1 tops, w'herescattering reaicee theintensity of the solar
flux, this constituent always produced its strongest absorption for sinall solar zenith
angles (Figure 5. Anadditionalab sorber that is ((011 weentrat '(1 at or above the cloud
topsis 11(°(’(1(’° (2 toprroairee a¢1o1i@ shortwave forcing thatis moreindependentof solar
zenith angle, like thatobserved. *1711¢ weakly-absorbing, uniformly-mixed, backgronnd
troposphericacrosols, which were omitt ed from these simulations, might provide this

opacity.
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Figure 1. Global average at mospleric net fluxes (defined by subtracting, the net
Ao Gnward fill xatthe silrftce fromthe flug o (“(l(‘,]ll(‘,\'(',])f‘()]' a (“Icilr M1.S at 1110 ssphere,
and for aty nospl jeres with a single Cirrus (Cir) , Altostratus (AS) , or StratoCumulus
(SC) 1011 Thethick dashed and dash-dotlines arefor SALUTatoSCand AS (“1011(1S,
while the thin dashed and dash-dot lines are for SC and AS clouds with MLS 11,0 mixing
ratios. i cloud liquid wat ey absorption is neglect o (we: 1)), the at mospheric absorption

fallshy ~4W 11" ?for  SC (“1011(1s and7 Win ?for  ASclouds.
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Figure 4. The global-average atmospheric absorption, RYCy), is shown as a

functin of cloud optical depth, 7 for  he model atmospheres deseribed in Iigure
Ioven though the largest cloud shortwave forcings are obtained for small clond optical
depths, atmospheres wi thicker clonds absorh more solar flux  The cloud forcing by

hi o clouds is much more

ensitive 1o he water vapor abundance within and bhelow e

cloud



AMrmospheric Cloud Forcing, (10 R)C,

™1 T T LEN S B Bl |

T

Saturaled sC Cloud

Oplical Depth, =
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